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Effect of oxygen on the electronic band structure in ZnO xSeq_, alloys
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The effect of alloying small amounts of ZnO with ZnSe on the electronic band structure has been
studied. Optical transitions in molecular-beam-epitaxy-grown Be) , epitaxial films (O<=x
=1.35%) were investigated using photoreflectance and photoluminescence spectroscopies. The
fundamental band-gap energy of the alloys was found to decrease at a rate of about 0.1 eV per
atomic percent of oxygen. The pressure dependence of the band gap was also found to be strongly
affected by O incorporation. Both the effects can be quantitatively explained by an anticrossing
interaction between the extended states of the conduction band of ZnSe and the highly localized
oxygen states located at approximately 0.22 eV above the conduction-band edg@003©
American Institute of Physics[DOI: 10.1063/1.1592885

Highly mismatched semiconductor alloy$iMAS) in The ZnQSe _, samples used in this study were grown
which the constituent anion elements is replaced by an elesn GaAs(100 substrates by MBE with the growth tempera-
ment with highly dissimilar properties are currently attract-ture of 350 °C. Before the growth of ZnOSe epitaxial films, a
ing considerable attention. The electronic properties ofLl00-nm-thick ZnSe buffer layer was deposited on the sub-
HMAs deviate drastically from the predictions of the virtual strates. The O content in the alloy layers was controlled by
crystal approximatiorfVCA).12 The most extensively stud- Vvarying the Q flow rate to a rf oxygen plasma source. The
ied HMAs to date are Ill-N-V alloy systems. It has been ZnOSe layer thickness is around 600 nm for all the samples.
found that the substitution of the group V element in groupThe oxygen concentration in the films was determined as-
-V compounds with small amounts of nitrogen leads to Suming Vegard's law using lattice constants determined from
dramatic changes of the electronic properties, resulting in #he double-crystal x-ray diffraction rocking curves measured
reduction of the fundamental band-gap energy as opposed {8 the (400 and (511) planes:® The uncertainty of O com-
the increase predicted by the VCGA significant increase in  POsition is about 20%.

electron effective mass and decrease in electron mobiity, Photoreflectancé®R) and photoluminescend®L) mea-
and the appearance of a new optical transitign ) from the surements were carried out to measure the band-gap energy

valence band to the conduction band atfheoint®¢As one  ©f the ZnGQSa _, samples at room temperatuids K). For
quantitative example, the incorporation only 1% of nitrogenPR Méasurement, quasimonochromatic light from a xenon
into GaAs can induce a strikingly large reduction of 0.18 eva'¢ [amp dispersed by a 0.5-M monochromator was focused
in the fundamental band-gap enefdy. on the samples as a probe beam. A chopped HeCd laser beam
Similar effects have also been observed recently in(3250 A provided th.e photomodulatlpn. The PR S|gna}I§
group Il telluride compounds alloyed with Se, S, or o ere detectc_ec_i b_y Si photodiode using a phase-sensitive
atoms™'2 So far, due to the limited solubility of oxygen in lock-in amplification system. For PL measurements, the

[I-VI compounds, the group 1l-O-VI alloys were synthesized i:nmcee Zie?]illsa?‘reorrrl:n;gvi;?\sle:s f(\;\/resgc(ljtias“%r:sigdt)lun;lnle T\/I
by ion implantation only. A disadvantage associated with this 9 P P y

synthesis method is that it is difficult to determine the Con-go;ijsrlihgg:“zg ?ggﬁgrrgp hatgrroz?;tigetfecigrgyv\?agr;%tgg]n?.l-
centration of the substitutional oxygen atoms. In this letter b - APP Y P

we show that the recent success in growth of high qualit;})“Shed by mounting small sample chips with sizes-G00

. . X200 um? into gasketed diamond anvil cells.
s K possbl for Us (0 Gany out & syStematic sty of the_FGUTE 1 sows PR spectra rom the 2, samples
Hact 'f possibie for u i y uth >|/ t . b udy ¢ sed in this work. In each case, the derivative-like spectral
efiect of oxygen incorporation on the electronic band StiuCxe 5y, g correspond to the optical transitions from the
ture of this representative material in the group II-O-VI

HMA I deri .  the locali OIvalence-band edge to the conduction-band edge in the
S, as well as to derive energy position of the localize samples, and provides a direct measure of the band-gap en-

O state in ZnSe and its pressure dependence from the expegfgy_ Thus, as is clear from Fig. 1, the band gap of the

mental results based on a band anticrossing model. samples shifts toward lower energy with increasing O con-
centration. The increasingly broadened PR spectral features

3Electronic mail: WShan@Ibl.gov are commonly observed in semiconductor alloys and can be
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FIG. 1. PR spectra taken from ZnSgO, samples at 295 K. The curves are
vertically displaced for clarity. The weak features near 2.7 eV are PR signals

from ZnSe buffer layers. '0 1 2 3 4 5 6 7 8 9 10 11 12

partially attributed to the spatial fluctuation of the O compo- PreSSUI'e (GPa)
sition in the samples.
Plotted in Fig. 2 are the band-gap energies of theIG. 3. The effect of applied pressure on the energy of optical transitions
Zn0,Se samples as a function of O concentration Theassociated with the direct band gap of a ZngeO, poss Sample. The solid
_x .

. = line is the calculated result using the BAC model.
energy gap for each sample was determined by fitting the

corresponding PR spectral curve related to the trar]S"t'O"E'hat leads to a characteristic splitting of the conduction band

from the top of valence band to the bottom of the conduction : . .
: . ) . nto two nonparabolic subbands with the energy edges given
band to the line shape functional form of three-dimensiona .
y the expression

interband transition¥'° It decreases at a rate of about 0.1

eV per atomic percent of oxygen. This large O-induced E.(k)=[Eq+ E,\,,(k)i{[EO—EM(k)]2

band-gap reduction indicates a large band-gap bowing that 2 v

bears a close resemblance to the analogous effects that have +4Comt 712, @)

been extensively studied in GaghNs;_, and whereEy (k) and Ep are the energies of the unperturbed

Ga,_yInyN,As, , HMAs (x<0.05), where the band-gap re- conduction-band edge and of the localized state relative to

duction caused by N has been successfully explained by the top of the valence band, respectively, @l is a pa-

band anticrossingBAC) model®*® Thus, we use that model rameter describing the hybridization between the localized

here to discuss present results. The BAC model considers atates and the extended states. The energy positions of the

anticrossing interaction of highly localized states introducedsubband edgeB_ andE_ depend on the interaction param-

by more electronegative, isoelectronic atoms with the exeterCq,, and the energetic location &, with respect to the

tended conduction-band states of a semiconductor matrigonduction band edgg,, . The solid line in the figure is the

best fit using Eq(1) to the experimental data usii@p,, and

, ; Eo as adjustable parameters; the fit to the data is excellent. It

ZnSe, 0, ] is clear that the large reduction of the fundamental band gap
295K | in ZnO,Se _, with the increasing O concentration can be

attributed to the downward shift & _ relative to the valence

band as a result of band anticrossing. The theoretical fitting

results yield the energy position of O leveh=2.90=0.02

] eV and the interaction paramet€g,,=1.8+0.3 eV.

] To further demonstrate that the band-gap reduction ob-

] served in the Zn(Beg _, samples results from the band an-

ticrossing effect, we have also used PL to measure the energy

positions of the optical transition associated with the funda-

mental band gap in a Zn§&y{00.00s5 S@Mple as a function

2 0. 0005 0004 0006 0008 G010 b0lZ 004 Opls | Dots of applied hydrostatic pressure. The results are shown in Fig.

3, along with the known pressure dependence of PL features

from thick ZnSe epilayers grown on GaAs substrafeBhe

FIG. 2. Band-gap energies of ZnSgO, samples as a function of oxygen Pressure-induced energy shift of the optical transition related

concentration. The solid line is the best fit using the BAC model. to the direct band gap of the sample is weaker and much
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more nonlinear than in ZnSe. This indicates that the applicadence of the fundamental band gap. These experimental re-
tion of high pressure gradually changes the character of thsults confirmed that replacing Se anions in ZnSe with
conduction-band edgd=(.) from extended-like to localized- isoelectronic but more electronegative O atoms does form a
like. The solid line in the figure is the pressure dependence dfighly mismatched alloy system with the properties analo-
the PL transition that corresponds to the change of the bangous to the extensively studied IlI-N-V materials. The
gap of the sample calculated using Ef). The best agree- O-induced modification of the conduction-band structure can
ment with the experimental results was achieved for the enbe well described using the band anticrossing model that has
ergy levelEg with a pressure dependence of 20 meV/PGabeen applied to the IlI-N-V alloys.
This derived pressure coefficient for the O level is consistent ) ) ) ) )
with the results of pressure dependent absorption measure- 1S Work is supported by the Director, Office of Sci-
ments in ZnTe:G8 ence, Office of Basic Energy Sciences, Division of Materials
It is very interesting to note that the determined energy>Ci€nces and Engineering, of the U.S. Department of Energy

location of the O level in ZnSe can be used to evaluate bandiNder Contract No. DE-AC03-76SF00098.

edge offsets between ZnTe and ZnSe. It has been well estab-
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